The role of the tumor suppressor retinoblastoma protein (pRb) has been firmly established in the control of cell cycle, apoptosis, and differentiation. Recently, it was demonstrated that lack of pRb promotes a switch from white to brown adipocyte differentiation in vitro. We used the Cre-Lox system to specifically inactivate pRb in adult adipose tissue. Under a high-fat diet, pRb-deficient (pRb ad؊/؊ ) mice failed to gain weight because of increased energy expenditure. This protection against weight gain was caused by the activation of mitochondrial activity in white and brown fat as evidenced by histologic, electron microscopic, and gene expression studies. Moreover, pRb ؊/؊ mouse embryonic fibroblasts displayed higher proliferation and apoptosis rates than pRb ؉/؉ mouse embryonic fibroblasts, which could contribute to the altered white adipose tissue morphology. Taken together, our data support a direct role of pRb in adipocyte cell fate determination in vivo and suggest that pRb could serve as a potential therapeutic target to trigger mitochondrial activation in white adipose tissue and brown adipose tissue, favoring an increase in energy expenditure and subsequent weight loss.
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brown adipose tissue ͉ mitochondria ͉ pocket proteins ͉ obesity T he retinoblastoma protein (pRb), product of the first tumor suppressor gene to be characterized, belongs to the family of pocket proteins composed of pRb, p107, and p130 proteins. Pocket proteins play an important role in cell cycle regulation because they induce growth arrest through their interaction with other transcription factors such as E2Fs (reviewed in refs. 1 and 2). The proteins are also involved in the control of apoptosis (3) and cell differentiation (2, 4) . Although pocket proteins have redundant functions in cell cycle progression, pRb is thought to play the most important role in cell differentiation. Indeed, pRb germ-line knockout animals die prematurely because of developmental defects comprising lack of differentiation of brain, skeletal muscle, lens, and cells of the erythropoietic lineage (5-7). Furthermore, it has been demonstrated that pRb is also essential for late osteoblast differentiation and chondrocyte maturation (8) and for proper skin differentiation (9, 10) .
Recently, a growing amount of evidence, mainly obtained from the characterization of cell culture models, has suggested a dual role of pRb in adipocyte differentiation. Indeed, it was suggested that pRb facilitates the differentiation of preadipocytes and mouse embryonic fibroblasts (MEFs) into adipocytes (11) (12) (13) . Another study showed that pRb Ϫ/Ϫ 3T3 cells fail to undergo terminal differentiation when grown in the appropriate differentiating medium and that overexpression of pRb promotes adipocyte differentiation in wild-type cells (14) . Moreover, the simian virus 40 large antigen blocks adipocyte differentiation of 3T3-L1 cells by inhibiting pRb's positive effect on differentiation (15) . In addition to these studies, our group has recently suggested an inhibitory role of pRb at particular stages of adipocyte differentiation, through the recruitment of the histone deacetylase HDAC3 to the nuclear receptor peroxisome proliferator-activated receptor ␥ (16). Consistent with these findings, transgenic mice overexpressing pRb show a significant decrease in paraovarian fat pad mass (17) . It seems, therefore, that pRb plays a dual role in adipocyte differentiation. During the clonal expansion and the early stages of adipocyte differentiation, pRb inhibits adipocyte differentiation (16) . Thereafter, pRb rather activates adipogenesis by allowing the cells to exit the cell cycle for terminal differentiation (18) .
In addition to its impact on adipocyte differentiation, pRb was also proposed to act as a molecular switch between white adipose tissue (WAT) and brown adipose tissue (BAT) differentiation. pRb Ϫ/Ϫ MEFs display characteristics of BAT, with activation of BAT-specific genes, such as the uncoupling protein 1 (UCP1) and the peroxisome proliferator-activated receptor ␥ coactivator 1␣ (PGC-1␣), and an increase in mitochondria number (13) . These observations are in line with older data from transgenic mice overexpressing the simian virus 40 antigen specifically in WAT, in which impaired pRb activity leads to the conversion of WAT into BAT (19) . Furthermore, a recent study reported that in p107 Ϫ/Ϫ mice, WAT is poorly differentiated with enhanced expression of UCP1 and PGC-1␣. Interestingly, in these p107 Ϫ/Ϫ preadipocytes, pRb levels were also robustly reduced (11) .
Although a wealth of evidence suggests that pRb influences adipocyte differentiation in vitro, its role in the regulation of adipocyte cell fate determination has not been yet explored in vivo. In the present study, we used the loxP-CreER T2 technology to demonstrate that specific ablation of pRb in adult adipose tissue leads to mitochondrial activation in WAT and BAT, which protects pRb adϪ/Ϫ mice from diet-induced obesity.
Results pRb ad؊/؊ Animals Exhibit a Lean Phenotype After High-Fat Feeding.
Because pRb was previously shown to be involved in body weight determination, we analyzed body weight evolution in animals in which we induced an adipocyte-specific ablation of pRb in adulthood. We therefore crossed mice in which the pRb allele was flanked by loxP sites (20) with mice that express the Cre-ER T2 recombinase in adipose tissue (21) and generated cohorts of bigenic pRb L2/L2 ϫ aP 2 Cre-ER T2(Tg/0) on a C57BL6/J background. To induce deletion of the pRb gene in WAT, these mice (n ϭ 8) were injected i.p. at the age of 6 weeks with tamoxifen at 50 mg/kg per day for 5 consecutive days [supporting information (SI) Fig. 6 ]. Mice in which pRb was inactivated after tamoxifen injection will be referred to as pRb adϪ/Ϫ , and their controls will be referred to as pRb adL2/L2 . After the last tamoxifen injection, a modest but significant decrease in the body weight of pRb adϪ/Ϫ was observed as compared with pRb adL2/L2 mice (P ϭ 0.028) (Fig. 1B) . The decrease in body weight was paralleled by a significant decrease in the body fat content (P ϭ 0.005) and the percentage of fat (P ϭ 0.028) as determined by dual energy x-ray absorptiometry (Fig. 1B ). Mice were then fed a high-fat diet (HFD) for 6 weeks and morphometric analysis was repeated. Under HFD, the pRb adL2/L2 mice gained weight, whereas the pRb adϪ/Ϫ mice were protected from excessive weight gain (Fig. 1C ). Dual energy x-ray absorptiometry performed 6 weeks after the initiation of the HFD indicated a significant difference in the body fat content in pRb adϪ/Ϫ as compared with pRb adL2/L2 animals (Fig. 1B) . The weight of the different fat pads and serum leptin levels were also significantly lower in pRb adϪ/Ϫ mice ( Fig. 1 A, D , and E). Whereas fasting serum glucose and glucose tolerance tests were not significantly different between the two genotypes, serum insulin levels were decreased, although the difference just failed to reach statistical significance (P ϭ 0.053; SI Fig. 7 ). Serum lipid and adiponectin levels were not different (SI Fig. 7 ). There was no change in food intake between pRbdeficient mice and their control littermates (Fig. 1F) . The reduced liver weight reflected the decreased fat accumulation in the liver of pRb adϪ/Ϫ animals ( Fig. 1G ).
BAT Transformation of WAT and Increased Energy Expenditure in
pRb ad؊/؊ Animals. H&E staining of WAT sections obtained from HFD-fed animals revealed a significant decrease in the size of adipocytes in both the epididymal and retroperitoneal WAT of pRb adϪ/Ϫ animals as compared with the hypertrophied adipocytes observed in the WAT of pRb adL2/L2 mice (Fig. 1H, a and d) . Interestingly, the WAT of pRb adϪ/Ϫ contained areas with uni-and multilocular cells, rather characteristic of brown adipocytes (Fig.  1Hb) . Compared with control animals, pRb adϪ/Ϫ animals showed an increased number of mitochondria in their WAT, as evidenced by immunohistochemistry using an antibody against Optic Atrophy-1 (OPA-1), a profusion dynamin-related protein of the inner mitochondrial membrane (22) , suggesting the presence of BAT-like cells within the WAT of pRb adϪ/Ϫ animals ( Fig. 1H , e and f ). BAT of pRb adL2/L2 animals on HFD showed lipid accumulation as suggested by vacuolization (Fig. 1Hg) , an effect which was not observed in the BAT of pRb adϪ/Ϫ mice ( from pRb adL2/L2 animals indicated the presence of many lipid droplets (Fig. 1Hi) , which was in sharp contrast to the liver of pRb adϪ/Ϫ mice, where very few and only small lipid droplets were seen (Fig. 1Hj) .
By using indirect calorimetry, pRb adϪ/Ϫ mice showed an increase in O 2 consumption and CO 2 production, indicating a higher total energy expenditure (TEE) as compared with control animals ( Fig.  2A) . pRb adL2/L2 mice displayed a progressive and significant drop in their body temperature, whereas pRb adϪ/Ϫ animals maintained their body temperature Ϸ37°C for up to 5 h in a cold environment (4°C), suggesting an increase in adaptive thermogenesis (Fig. 2B) . Many of these observations could be explained by mitochondrial activation. We therefore sought to confirm this finding by transmission electron microscopy analysis of WAT and BAT. In the white adipocytes of pRb adL2/L2 mice under HFD, few mitochondria were visible and large lipid droplets occupied the cytoplasm (Fig.  2Ca) . This finding was opposed to the WAT of pRb adϪ/Ϫ mice, where numerous mitochondria were observed and lipid droplets were significantly smaller (Fig. 2Cc) . In the HFD-fed pRb adϪ/Ϫ mice, the brown adipocytes also contained many more mitochondria which had more lamellar crisae and a reduced number of smaller lipid droplets compared with pRb adL2/L2 mice (Fig. 2C, b  and d) . This increase in the number of mitochondria in both WAT and BAT coincides with an increase in mtDNA copy number (Fig. 2D) .
pRb Deletion in Adipose Tissue Induces Genes Involved in Mitochondrial Activation. To understand the molecular mechanisms underlying the mitochondrial activation in WAT and BAT, we analyzed the expression of genes involved in energy homeostasis and metabolism by using quantitative real-time PCR. In WAT of pRb adϪ/Ϫ mice, pRb was decreased by 4.5-fold as compared with the pRb adL2/L2 controls (Fig. 3) . The expression of PGC-1␣, a cofactor that controls mitochondrial biogenesis, was significantly induced (23) . Furthermore, the expression of the nuclear respiratory factor 1(NRF1) and of the estrogen-related receptor ␣ (ERR␣), which mediate some of the effects of PGC-1␣ on mitochondrial function (24), were induced or had a tendency to be increased in the WAT of pRb adϪ/Ϫ mice. The expression of the PGC-1␣ transcriptional target UCP1, which is usually not expressed in WAT, as well as the expression of the cytochrome c (Cyt c), were increased in pRb adϪ/Ϫ as compared with control WAT. Also, the expression of the type 2 iodothyronine deiodinase (D2), the enzyme that converts T4 into the active thyroid hormone T3 and which plays an important role in adaptive thermogenesis in the BAT (25) , was also strongly enhanced in WAT. Systemic T3 hormone levels were, however, not changed in pRb adϪ/Ϫ as compared with control animals (0.65 Ϯ 0.10 vs. 0.58 Ϯ 0.13 nmol/liter in females and 1.24 Ϯ 0.10 vs. 1.26 Ϯ 0.16 nmol/liter in males). Interestingly, the expression of the preadipocyte marker Pref-1 was enhanced, perhaps pointing toward the presence of more preadipocytes in the WAT of pRb adϪ/Ϫ mice.
In BAT, excision of the Rb allele reduced the expression of pRb by 2.9-fold, coinciding with a significant increase in PGC-1␣, PGC-1␤, nuclear respiratory factor 1, type 2 iodothyronine deiodinase, and UCP1 expression. The expression of fatty acid synthase was significantly decreased in BAT of pRb adϪ/Ϫ mice. Interestingly, pRb deficiency was not accompanied by an inflammatory response in the WAT and BAT because the expression of inflammatory genes such as IL-1␤, IL-6, and tumor necrosis factor ␣ (TNF␣) were not affected ( Fig. 3 and SI Fig. 8 ).
pRb Deletion in MEFs Results in Increased Proliferation and Apoptosis.
We then evaluated some of the cellular mechanisms that could contribute to the tendency of pRb adϪ/Ϫ adipocytes to take on more brown adipocyte features, using adenoviral overexpression of the Cre recombinase to acutely decrease pRb expression in MEFs of pRb L2/L2 animals. To determine the optimal conditions of adenoviral infection, MEFs were first infected with both an adenovirus expressing LacZ (Ad-LacZ) and an adenovirus that expressed the Cre recombinase (Ad-Cre) for 12, 24, and 48 h at a multiplicity of infection of 50. Effective infection of cells with an Ad-Cre resulted in the Cre-mediated deletion of an interposed stuffer DNA flanked by two loxP sites between the promoter and the coding region of the LacZ gene, allowing its expression (26) . In view of the results that demonstrated the most efficacious Cre-mediated excision 48 h after coinfection, we chose to use the 48-h time point for proliferation studies (Fig. 4A) . Subsequently, MEFs from pRb L2/L2 mice were infected when they reached 90% confluency with either the control Ad-LacZ or the Ad-Cre virus and labeled with 5-(and 6)-carboxyfluorescein diacetate succinimidyl ester (CFSE) for 48 h before FACS analysis. Noninfected MEFs were used as an additional control. Cells infected at the multiplicity of infection of 50 showed a significant decrease in pRb expression (Fig. 4B) . The proliferation rate of Ad-Cre-infected MEFs increased significantly when compared with Ad-LacZ-infected and noninfected cells, as reflected by the significant decrease in the Geo-mean fluorescence of Ad-Cre-infected cells (Fig. 4C ). This increase in the proliferative potential of Ad-Cre-infected MEFs could correlate with the enhanced number of committed preadipocytes that would eventually differentiate into brown adipocytes.
The adipogenic potential of pRb L2/L2 MEFs was then assessed by ORO staining of cells 10 days after the induction of adipogenic differentiation. Interestingly, under these conditions, Ad-Creinfected pRb L2/L2 MEFs displayed a significant decrease in the number of fat-containing white adipocyte-like cells in comparison with noninfected and Ad-LacZ-infected pRb L2/L2 MEFs (Fig. 4D) . Next, the effect of acute pRb deletion was evaluated on the rate of apoptosis both in cultured MEFs and in WAT in vivo. By using annexin V-propidium iodide (PI) staining and subsequent FACS analysis, populations of both annexin V ϩ PI Ϫ (early apoptotic cells) and annexin V ϩ PI ϩ (late apoptotic cells) Ad-Cre-infected pRb L2/L2
MEFs were increased 2-fold as compared with noninfected or Ad-LacZ-infected pRb L2/L2 MEFs (Fig. 5A) . We then injected both pRb L2/L2 Cre-ER T2 -positive and -negative animals with tamoxifen at the dose of 50 mg/kg per day to induce pRb deletion. Forty-eight hours later, we collected WAT and prepared adipocyte cell suspensions, which were scored for apoptosis in vivo using annexin V-PI staining and FACS analysis. In WAT cell suspensions of pRb adϪ/Ϫ mice of both genders, a significant increase in annexin V ϩ PI Ϫ and annexin V ϩ PI ϩ cell populations as compared with pRb adL2/L2 controls was observed (Fig. 5B) , suggesting that in vivo apoptosis of mature adipocytes was also enhanced by the absence of pRb.
Discussion
In the present study, we explored the role of pRb in adipocyte biology in vivo by using a mouse model in which an adipocytespecific pRb deficiency was induced in adult mice. Under HFD, the pRb-deficient mice had higher O 2 consumption, produced more CO 2 , and displayed an increased thermogenesis as compared with control animals, suggesting an accentuated energy expenditure. Under HFD, as expected, pRb adL2/L2 control mice progressively gained weight, whereas pRb adϪ/Ϫ animals remained lean. In the pRb-deficient animals, areas with BAT features were identified within the WAT, which contrasted with WAT of pRb adL2/L2 control mice that displayed hypertrophied white adipocytes. These data are corroborated by the increase in mitochondrial DNA content, by the induction of mitochondrial genes, and by ultrastructural analysis of WAT, which demonstrated the presence of cells containing many mitochondria and small lipid droplets characteristic of brown adipocytes within the WAT of pRb adϪ/Ϫ mice. The presence of mitochondrial activation within the WAT seen in these pRb adϪ/Ϫ mice is reminiscent to the phenotype of animals with germ-line deletions of the cofactor RIP140 (27) or the 40S ribosomal protein S6 kinase (28) . Also, the BAT of pRb-deficient mice contained less lipids and more mitochondria, suggestive of an enhanced metabolic activity. This enhanced energy expenditure, both in WAT and BAT, underpins the protection against obesity and hepatosteatosis observed in the pRb adϪ/Ϫ mice. Recently, a very similar phenotype was described in mice lacking another member of the Rb family of pocket proteins, p107. p107 Ϫ/Ϫ animals are leaner than p107
littermates with a significant decrease in fat pad mass reminiscent of our data in pRb adϪ/Ϫ mice (11). To understand the mechanism underlying the decreased adiposity observed in the pRb-deficient animals, we studied the gene expression pattern in the WAT and BAT in pRb adϪ/Ϫ and pRb adL2/L2 mice. Both in the WAT and BAT of pRb adϪ/Ϫ animals, a significant increase in the expression of genes known to promote mitochondrial energy expenditure and thermogenesis, such as PGC-1␣, nuclear respiratory factor 1, and UCP1, was observed (23) . Consistent with our data, it was recently shown in transfection experiments that pRb negatively regulates PGC-1␣ promoter activity (11) . Likewise, MEFs lacking pRb, but not p107/p130 doubledeficient MEFs, have an enhanced PGC-1␣ expression (13) . These data hence suggest that pocket proteins, such as pRb, suppress the PGC-1␣ promoter and are compatible with the induction of PGC-1␣ expression observed in vivo in our study. Furthermore, type 2 iodothyronine deiodinase gene expression was also strongly enhanced in both WAT and BAT of pRb adϪ/Ϫ animals. As disruption of this gene impairs adaptive thermogenesis (25, 29) , the increase in type 2 iodothyronine deiodinase expression hence likely also contributes to the increased thermogenesis observed in pRb adϪ/Ϫ animals. In combination, these findings support the morphological and physiological phenotype in pRb adϪ/Ϫ mice, with enhanced mitochondrial activity and increased energy expenditure.
Another mechanism that could contribute perhaps to a lesser extent to the reduced weight gain in pRb adϪ/Ϫ mice is apoptosis of white adipocytes. As soon as 5 days after the first tamoxifen injection, the body fat content of pRb adϪ/Ϫ animals was modestly, yet significantly, decreased as compared with pRb adL2/L2 animals (Fig. 1B) . This early decrease in fat mass could be, at least in part, due to the increased rate of apoptosis of white adipocytes as demonstrated by an enhanced apoptosis in WAT cell suspensions after the induction of pRb deletion. The early decrease in body fat content is probably not due to a differentiation defect of adipose tissue precursors, because such cells require a longer period to achieve full terminal differentiation. In agreement with previous studies in which low levels of pRb coincide with an enhanced rate of apoptosis (30) (31) (32) (33) , a similar increase in the rate of apoptosis was also found in pRb-deficient MEFs as compared with control MEFs.
pRb is well known to arrest cell proliferation by interacting with E2F transcription factors and blocking the progression of the cell cycle (34) . In this report we have shown that MEFs in which the pRb gene was partially deleted by Ad-Cre infection proliferate faster in comparison with noninfected or Ad-LacZ-infected MEFs. Although it is not presumptuous to speculate that the formation of the BAT-like tissue within the WAT results from a partial transdifferentiation of existing white adipocytes, an increase in the proliferation of committed preadipocytes, as evidenced by the increase in the expression of the preadipocyte marker Pref-1 in the WAT, which could later preferentially differentiate into brown adipocytes, could also contribute to the phenotype. Consistent with this last hypothesis, we (Fig. 4D) and others (11, 13) have shown that pRb Ϫ/Ϫ MEFs did not differentiate appropriately into adipocytes that accumulate fat when stimulated with adipocyte differentiation mix, as is the case for the control MEFs. These data are also in line with earlier immunohistochemical experiments, which show that pRb immunoreactivity was absent from brown adipocyte precursors, whereas pRb was expressed in lipid droplet-containing white adipocyte precursors (13) .
In conclusion, this study demonstrates in vivo the essential and direct role of pRb in adipocyte cell fate determination. The absence of pRb in adipocytes enhanced mitochondrial activity in both WAT and BAT. Furthermore, WAT takes on many more BAT-like features, which positions it well to contribute to energy expenditure and the maintenance of energy homeostasis. In view of these data, the retinoblastoma protein is well placed to eventually become a therapeutic target aimed at inducing weight loss in obese patients.
Materials and Methods
Animals Experiments. pRb L2/ϩ (20) and aP 2 -CreER T2 (21) on a C57BL6/J background (six backcrosses) were intercrossed to generate cohorts of n ϭ 8 mice per group that have the following genotypes: pRb L2/L2 ϫ aP 2 -CreER T2(Tg/0) and pRb L2/L2 ϫ aP 2 -CreER T2(0/0) . Mice in which pRb was inactivated after tamoxifen injection will be referred to as pRb adϪ/Ϫ , and their controls will be referred to as pRb adL2/L2
. All mice were maintained in a temperature-controlled (23°C) facility with a 12-h light/dark cycle and were given free access to food and water. The control diet (EQ12310) and the HFD (EQ/D12309) were from UAR (Villemoison sur Orge, France). The mice were fasted 4 h before harvesting blood and tissue collection. Body fat mass was evaluated in anesthetized mice by dual energy x-ray absorptiometry (PIXIMUS; GE Medical Systems, Buc, France). Indirect calorimetry was performed exactly as described (35) .
Histology, Immunohistochemistry, and Electron Microscopy. WAT, BAT, and liver tissues were prepared and stained with H&E and ORO as described (29) . Immunohistochemistry was used to detect Optic Atrophy-1 (OPA-1) (22) with an OPA-1 antibody (dilution 1:1,000) that was kindly provided by C. Alexander (Max Delbrück Center for Molecular Medicine, Berlin, Germany). Electron microscopy was performed as described (36) .
Gene Expression and Mitochondrial DNA Content Analyses. Expression levels were analyzed on cDNA synthesized from total mRNA by using quantitative real-time PCR, and mitochondrial DNA content was quantified in WAT and BAT as described (35) . The sequences of the primer sets used are available in SI Table 1 .
Cell Culture, Proliferation, and Apoptosis Assays. MEFs were prepared from pRb adL2/L2 embryos at embryonic day 13.5 and selfimmortalized as described (36) . pRb L2/L2 MEFs were infected for 48 h with either Ad-LacZ or Ad-Cre (RIKEN BioResource Center, Tsukuba, Japan) to induce the deletion of the Rb locus. For proliferation studies, cells were after-deletion labeled with 20 g/ml of CFSE (Sigma-Aldrich, St. Louis, MO) at 37°C for 15 min and washed. Cells were then split, and one plate was immediately fixed in 2% paraformaldehyde for 15 min at 4°C and prepared for time 0 (T 0 ) fluorescence determination. The other half of the cells were cultured at a density of 10 6 cells for 48 h in DMEM containing 10% newborn calf serum to allow cell proliferation. After 48 h, cells were collected, washed in PBS, and then analyzed by FACS.
For determination of apoptosis, MEFs were collected 48 h after gene deletion, washed in PBS-2% BSA, and stained with FITCconjugated annexin V and PI in RPMI medium 1640 for 5 min at 21°C. Data for proliferation or apoptosis were collected with a FACSCalibur (Becton Dickinson Biosciences, San Jose, CA) and analyzed by the FlowJo software (Tree Star, Ashland, OR). Cell culture experiments were repeated three times. Representative experiments were shown.
For in vivo apoptosis assay, 6-to 8-week-old pRb L2/L2 /aP 2 -CreER T2(Tg/0) mice and their controls were injected with tamoxifen. After 48 h, WAT was removed and single-cell suspensions were prepared. WAT cells were gently dissociated in PBS-2% BSA, centrifuged, and transferred into RPMI medium 1640 containing ammonium chloride to lyse red blood cells. Cells were then washed in RPMI medium 1640, incubated with FITC-conjugated annexin V and PI (BD PharMingen, San Jose, CA) in RPMI medium 1640 for 5 min at 21°C, and then analyzed by FACS.
